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CGM Metrics Predict Imminent
Progression to Type 1 Diabetes:

Autoimmunity Screening for
Kids (ASK) Study

Diabetes Care 2022;45:365-371 | https://doi.org/10.2337/dc21-0602

OBJECTIVE

Children identified with stage 1 type 1 diabetes are at high risk for progressing to
stage 3 (clinical) diabetes and require accurate monitoring. Our aim was to estab-
lish continuous glucose monitoring (CGM) metrics that could predict imminent
progression to diabetes.

RESEARCH DESIGN AND METHODS

In the Autoimmunity Screening for Kids study, 91 children who were persistently
islet autoantibody positive (median age 11.5 years; 48% non-Hispanic White;
57% female) with a baseline CGM were followed for development of diabetes for
a median of 6 (range 0.2-34) months. Of these, 16 (18%) progressed to clinical
diabetes in a median of 4.5 (range 0.4—29) months.

RESULTS

Compared with children who did not progress to clinical diabetes (nonprogres-
sors), those who did (progressors) had significantly higher average sensor glucose
levels (119 vs. 105 mg/dL, P < 0.001) and increased glycemic variability (SD 27 vs.
16, coefficient of variation, 21 vs. 15, mean of daily differences 24 vs. 16, and
mean amplitude of glycemic excursions 43 vs. 26, all P < 0.001). For progressors,
21% of the time was spent with glucose levels >140 mg/dL (TA140) and 8% of
time >160 mg/dL, compared with 3% and 1%, respectively, for nonprogressors. In
survival analyses, the risk of progression to diabetes in 1 year was 80% in those
with TA140 >10%; in contrast, it was only 5% in the other participants. Perfor-
mance of prediction by receiver operating curve analyses showed area under the
curve of 20.89 for both individual and combined CGM metric models.

CONCLUSIONS

TA140 >10% is associated with a high risk of progression to clinical diabetes
within the next year in autoantibody-positive children. CGM should be included
in the ongoing monitoring of high-risk children and could be used as potential
entry criterion for prevention trials.

Children who are identified through population screening to have multiple islet
autoantibodies (stage 1 type 1 diabetes) are at high risk for developing clinical type
1 diabetes (stage 3 type 1 diabetes) (1,2). Through TrialNet and other studies (3,4),
it is known that among individuals with positive islet autoantibodies, there is a
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CGM as a Type 1 Diabetes Prediction Tool

period of impaired fasting glucose
(100-125 mg/dL) or impaired glucose
tolerance (oral glucose tolerance, 2-h
glucose 140-199 mg/dL) preceding type
1 diabetes onset by several months or
years.

In addition, early diagnosis of type 1
diabetes without diabetic ketoacidosis
(DKA) is associated with long-term ben-
efits, including better HbA,., which, in
turn, is associated with fewer diabetes
complications (5,6). As prevention, or at
least delay, of type 1 diabetes from stage
2 to stage 3 becomes a reality (7), it is
critical to have accurate tools to identify
this dysglycemic period and implement
early treatment at the right time to pre-
serve endogenous insulin secretion. Thus,
children with islet autoantibodies who
are presymptomatic require accurate and
close surveillance for prediction of their
progression through the different stages
of type 1 diabetes, described by a joint
statement from the American Diabetes
Association (ADA), JDRF, and the Endo-
crine Society in 2015 (2).

Although the 2018 International Soci-
ety for Pediatric and Adolescent Diabetes
guidelines do not recommend antibody
screening outside of defined research
studies (8), the current ADA guidelines
recommend screening for islet autoanti-
bodies in the setting of a research trial
or outside of research for first-degree
family members of a proband with type
1 diabetes. The ADA guidelines further
highlight that persistence of autoanti-
bodies is a risk factor for clinical diabetes
and may be an indication for interven-
tion in the setting of a clinical trial (9).

In the United States, the JDRF has
launched a nationwide clinical islet auto-
antibody screening initiative, called
T1Detect, for the general population. Indi-
viduals and their families have the option
to forward the results to a clinician when
signing up for testing online. Individuals
found to be autoantibody positive will
need to be monitored for progression to
diabetes to avoid DKA and for eligibility
for clinical trials of potential therapies to
preserve endogenous insulin secretion.

The Autoimmunity Screening for Kids
(ASK) study is a clinical research study
in which Colorado children ages 1-17
years are screened for islet and celiac
autoantibodies. The DKA rate in the ASK
study is ~6% whereas the DKA rate in
2020 in Colorado was 62% (10). Islet
autoantibody screening in ASK has been

shown to be cost-effective if it decreases
the rate of DKA by 20% (i.e., from 40%
to 32%) and subsequently lowers the
HbA;. by 0.1% (1 mmol/mol) (11). DKA
at diagnosis of type 1 diabetes in chil-
dren has been associated with poor
long-term glycemic control, with HbA;.
levels remaining 0.3—1.0% higher than in
those diagnosed without DKA (5). In
addition to benefits of improved meta-
bolic status at diagnosis, there are poten-
tial interventions on the horizon for
early-stage type 1 diabetes. The first pos-
itive trial with teplizumab showed delay
of onset of type 1 diabetes by 2-3 years
in relatives with stage 2 disease (7,12).

The current standard surveillance
methods for presymptomatic type 1 dia-
betes are a 2-h oral glucose tolerance
test (OGTT) and an HbA,. test every 6
months. Although OGTT measures predict
progression through the stages of type 1
diabetes across different populations and
have value as entry criteria for prevention
trials (3,13,14), there are important chal-
lenges to the use of OGTT in clinical care.
These barriers include significant day-to-
day variability and poor acceptance by
children and their families due to time
constraints and intravenous  access
requirement. Some of the OGTT variabil-
ity in autoantibody-positive populations is
likely attributable to fluctuations that are
part of the nature of the disease. The
Environmental Determinants of Diabetes
in the Young (TEDDY) study has shown
that OGTTs are not a major contributor
of type 1 diabetes diagnosis in the very
young, with only 6% of children younger
than 3 years being diagnosed by OGTT
(15). HbA,. testing is highly specific for
diabetes diagnosis but has limited sensi-
tivity in children, especially in the very
young (16,17).

Importantly, continuous glucose moni-
toring (CGM) detects glucose abnormali-
ties before diagnosis of type 1 diabetes
in children with positive islet autoanti-
bodies, although the number of partici-
pants in these previous studies was small
(18-20). In the Diabetes Autoimmunity
Study in the Young (DAISY), =18% CGM
time spent at >140 mg/dL (TA140; 7.8
mmol/L) predicts progression to diabetes
in autoantibody-positive children (18,21).
Development of CGM-derived measures
of evolving dysglycemia will allow for a
more accurate and well-tolerated method
of monitoring progression through the
stages of type 1 diabetes, compared with
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OGTTs. The aim of the present study was
to identify and assess various CGM
metrics for their accuracy in predicting
imminent progression to stage 3 clinical
diabetes among children in the general
population found to be at high risk for
diabetes.

RESEARCH DESIGN AND METHODS

Study Population

Since January 2017 and until 1 Decem-
ber 2019, the ASK study has screened
22,566 Colorado children ages 1-17
years for islet and celiac autoantibodies
at private pediatric practices, commu-
nity clinics, and the Children’s Hospital
Colorado and its satellite locations. Chil-
dren who screen positive for any of the
autoantibodies at the initial screening
are invited to the Barbara Davis Center
for Diabetes, University of Colorado School
of Medicine, Aurora, for a confirmation
visit within 3 months of screening. Chil-
dren who persistently test positive for =1
islet autoantibody at confirmation are
invited to participate in the monitoring fol-
low-up program at the Barbara Davis Cen-
ter within 3-6 months of confirmation
visit, with HbA testing every 3—6 months.
Families receive education on diabetes
symptoms and home blood-glucose test-
ing. Children who are confirmed positive
for multiple islet autoantibodies, con-
firmed positive for a single autoantibody
by both assays (radiobinding [RBA] and
electrochemiluminescence [ECL]), or have
an HbA;. =6% (42 mmol/mol) are also
offered optional OGTTs and CGM every 6
months after the baseline monitoring visit.
The overall ASK screening and monitoring
program flowchart is shown in the
Supplementary Figure. As of 1 September
2020, 158 children were eligible for CGMs
and OGTTs. Of these, 94 children com-
pleted initial CGM and 50 completed an
initial OGTT. Diagnosis of diabetes was
defined according to ADA criteria (9).
Informed consent was obtained from the
parents of each study participant. The Col-
orado Multiple Institutional Review Board
approved all study protocols.

Autoantibody Assays

Autoantibodies to insulin, GAD, 1A2,
and ZnT8 were measured in the
Immunogenetics Laboratory at the Bar-
bara Davis Center using previously des-
cribed RBA assays and high-affinity ECL
assays (22-25). In the 2020 Islet
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Autoantibody Standardization Program
Workshop, sensitivities and specificities,
respectively, for the RBA among patients
newly diagnosed with type 1 diabetes
were 62% and 99% for micro-insulin auto-
antibody; 78% and 99% for GAD antibody;
72% and 100% for IA-2 antibody; and 74%
and 100% for ZnT8. In the 2020 Islet Auto-
antibody Standardization Program Work-
shop, sensitivities and  specificities,
respectively, for ECL were 66% and 99%
for insulin autoantibody, 78% and 100%
for GAD antibody, and 72% and 100% for
IA-2 antibody.

CGM

Participants were asked to complete a
7-10 day period of CGM wear with the
Dexcom G4 with 505 software (before
April 2019) or Dexcom G6 (after April
2019). For the Dexcom G4, participants
were instructed not to use acetamino-
phen 1 day before and during the time
of CGM wear and were given a meter
for blood glucose calibrations twice a
day (One Touch Ultra [LifeScan Inc., a
Johnson and Johnson subsidiary, Milpi-
tas, CA] before June 2018; and Contour
Next One [Ascensia Diabetes Care, Par-
sippany, NJ]) after June 2018). Partici-
pants were blinded to real-time CGM
readings, and a study physician (a pediat-
ric endocrinologist) reviewed the CGM
results when monitoring was completed.

Statistical Analysis

Statistical analyses were performed using
SAS software, version 9.4, and GraphPad
Prism, version 9.02. Categorical variables
were analyzed using Pearson xz tests.
Continuous variables were tested using
the t test for differences in means or the
Wilcoxon rank-sum test for differences in
medians. The first 12 h of CGM data
were removed from the analyses. If
>20% of the data were missing on any
given day, the data for that day were
also excluded. Only CGM records with
=96 h of data were included. Of the 94
participants completing initial CGM,
three sets of CGM data were excluded
from analyses because <96 h of data
were available with a total of 91 partici-
pants included in all analyses. After data
clean-up, CGM data were limited to the
first 96 h of available data for all partici-
pants for the analyses to be consistent.
Measures of glycemic control included
HbA,. (DCA Vantage Siemens, Bayer

Corp., Elkhart, IN), overall sensor glucose
values, percent time above various sen-
sor glucose cutoffs as well as area under
the curve (AUC) of glucose calculated by
the trapezoidal rule. Primary variables to
characterize glycemic variability included
glucose range, the overall SD, the coeffi-
cient of variation (CV), the mean of daily
differences (MODD) and the mean amp-
litude of glycemic excursions (MAGE).
Receiver operating characteristic (ROC)
curves were generated to compare the
AUC of different CGM metrics for type 1
diabetes prediction (26). The ROC curves
were constructed by plotting the false-
positive rate (1 — specificity) on the x-
axis and the true-positive rate (sensitiv-
ity) rate on the y-axis for all possible
binary thresholds for the CGM metrics
(26). The ROC curve allowed us to iden-
tify a cutoff that maximized the sum of
sensitivity and specificity (27). Sensitivity,
specificity, positive predictive value
(PPV), and negative predictive value
(NPV) for diabetes prediction were calcu-
lated for the optimal CGM metric cut-
offs. Cox proportional hazards models
were used to estimate the risk of type 1
diabetes for various CGM metrics. Fol-
low-up time was defined as time bet-
ween baseline CGM and diabetes onset
for those who progressed to clinical dia-
betes or last visit for those who did not
progress to diabetes. Dot-plot charts for
these same CGM metrics were per-
formed between children who pro-
gressed to clinical diabetes (progressors)
and those who did not (nonprogressors).
A 2-tailed P value with an « level for sig-
nificance was set at 0.05.

RESULTS

A total of 91 children positive for islet
autoantibody and with a baseline CGM
were followed for development of type
1 diabetes for a median of 6 (interquartile
range 1.0-10.8; range 0.2-34) months. Of
these, 16 (18%) progressed to diabetes in
a median of 4.5 (interquartile range
0.9-9.7; range 0.4-29) months. The base-
line characteristics of study participants
are shown in Supplementary Table 1.
Age, sex, ethnicity, and BMI were similar
between islet autoantibody—positive par-
ticipants who progressed to diabetes and
those who did not progress to diabetes.
Baseline HbA;. was higher in progressors
than in nonprogressors (respectively, 5.6%
vs. 52% [38 vs. 33 mmol/mol]; P =

Steck and Associates

0.005). OGTT data at baseline were only
available for 17 participants.

Baseline CGM measures of glycemic
control and variability are summarized
in Supplementary Table 2. Compared
with nonprogressors, participants pro-
gressing to diabetes had significantly
increased glycemic variability (median
SD 27 vs. 16 mg/dL [1.5 vs. 0.9 mmol/L];
CV 21% vs. 15%; MAGE 43 vs. 26 [2.4 vs.
1.4 mmol/L]; MODD 24 vs. 16 [1.3 vs.
0.9 mmol/L]; all P < 0.001) as well as
higher sensor average (median 119 vs.
105 mg/dL [6.6 vs. 5.8 mmol/L]; P <
0.001). Progressors spent 21% of time
above 140 mg/dL (TA140; 7.8 mmol/L)
and 8% of time >160 mg/dL (TA160; 8.9
mmol/L) compared with, respectively,
3% and 1% for nonprogressors (P <
0.0001). The AUC values of glucose over-
all, during the day and at night, also
were significantly different between pro-
gressors and nonprogressors (all P =
0.03).

ROC curves were generated to com-
pare the AUC of different CGM metrics
and HbA;. for type 1 diabetes predic-
tion. Performance of type 1 diabetes
prediction by ROC analyses showed an
AUC of =0.89 for both individual CGM
variables such as TA140, SD, and MAGE,
as well as several combined CGM met-
ric models (all P < 0.0001) (Table 1).

Sensitivity, specificity, PPV, and NPV
for diabetes prediction were calculated
for different CGM metrics and HbA;..
The cutoffs of 10% TA140 had 91% spe-
cificity and 97% NPV, with 67% PPV and
88% sensitivity for diabetes prediction
(Table 2). TA140 >15% had 99% specif-
icity and 94% NPV with 92% PPV and
69% sensitivity for diabetes prediction.

Cox proportional hazards models were
performed for those individual CGM met-
rics with AUC of =0.88 for diabetes pre-
diction by ROC analyses. The risk of
progression to type 1 diabetes in 1 year
was 80% in those with TA140 >10%; in
contrast, it was only 5% in participants
with TA140 =<10% (P < 0.0001) (Fig. 1A).
Similarly, the risk of progression to diabe-
tes in 1 year was 73% vs. 7% in those
with TA160 >3.5% vs. =3.5%, respec-
tively (P < 0.0001) (Fig. 1B), whereas the
risk of progression to diabetes in 1 year
was 83% vs. 9% in those with >1.9% vs.
=1.9% time spent >180 mg/dL (TA180;
10 mmol/L), respectively (P < 0.0001)
(Fig. 1C). Survival curves by MAGE >37
vs. =37 showed risk of progression to
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Table 1—Receiver operating characteristic analyses for prediction of type 1

diabetes

Variable AUC (95% Cl) P value

HbA,. 0.75 (0.57-0.93) 0.006
% time > 120 mg/dL (6.7 mmol/L) 0.81 (0.66-0.96) <0.0001
% time > 140 mg/dL (7.8 mmol/L) 0.89 (0.75-1.00) <0.0001
% time > 160 mg/dL (8.9 mmol/L) 0.88 (0.74-1.00) <0.0001
% time > 180 mg/dL (10 mmol/L) 0.88 (0.76-0.99) <0.0001
% time > 200 mg/dL (11.1 mmol/L) 0.81 (0.68-0.94) <0.0001
SD 0.89 (0.79-0.98) <0.0001
cv 0.84 (0.74-0.93) <0.0001
MAGE 0.90 (0.82-0.99) <0.0001

MODD 0.86 (0.75-0.97) <0.0001
% time > 140 mg/dL (7.8 mmol/L) and SD 0.90 (0.77-1.00) <0.0001
% time > 140 mg/dL (7.8 mmol/L) and CV 0.91 (0.79-1.00) <0.0001
% time > 140 mg/dL (7.8 mmol/L) and MAGE 0.91 (0.79-1.00) <0.0001
% time > 160 mg/dL (8.9 mmol/L) and SD 0.90 (0.78-1.00) <0.0001
% time > 160 mg/dL (8.9 mmol/L) and CV 0.91 (0.80-1.00) <0.0001
% time > 160 mg/dL (8.9 mmol/L) and MAGE 0.91 (0.80-1.00) <0.0001
% time > 180 mg/dL (10 mmol/L) and SD 0.90 (0.80-1.00) <0.0001
% time > 180 mg/dL (10 mmol/L) and CV 0.90 (0.81-0.99) <0.0001
% time > 180 mg/dL (10 mmol/L) and MAGE 0.92 (0.83-1.00) <0.0001
SD and CV 0.88 (0.75-1.00) <0.0001
SD and MAGE 0.91 (0.82-1.00) <0.0001
CV and MAGE 0.90 (0.82—-0.99) <0.0001

AUC, area under the curve; CV, coefficient of variation; MAGE, mean amplitude of glycemic

excursions; MODD, mean of daily differences.

type 1 diabetes in 1 year of 64% vs. 12%
(P < 0.0001) (Fig. 1E), and survival curves
by SD >20 vs. =20 showed risk of pro-
gression to diabetes in 1 year of 60% vs.
6%, respectively (P < 0.0001) (Fig. 1D).
Figure 2 shows dot-plot charts for
progressors and nonprogressors for
these same CGM metrics with AUC of
=>0.88. TA140 (Fig. 2A), TA160 (Fig. 2B)
and TA180 (Fig. 2C) were all significantly
higher in the progressors than in the
nonprogressors (all P < 0.0001). Inc-
reased CGM variation characterized by
MAGE (Fig. 2E) and SD (Fig. 2D) was

observed in progressors compared with
nonprogressors (all P < 0.0001).

CONCLUSIONS

To our knowledge, this is the largest
prospective study to date to analyze
CGM metrics as predictors of progres-
sion to type 1 diabetes in autoantibody-
positive children identified through gen-
eral population screening. Several small
studies have reported pilot CGM data
prior to diabetes onset in participants
at risk for developing type 1 diabetes
(18-21). Of 91 children who were

Table 2—Sensitivity, Specificity, PPV, and NPV for HbA,. and different CGM metrics
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persistently islet autoantibody positive
and followed in this study, we found
that various CGM metrics, both individ-
ual and combined CGM variables, accu-
rately predicted progression to stage 3
diabetes within 12 months. Individual
CGM metrics such as TA140 are readily
available on a CGM download without
complex calculations and, therefore, can
be used for monitoring participants at
risk for type 1 diabetes and as potential
entry criteria or end point for preven-
tion trials. We propose TA140 >10% as
a new criterion for dysglycemia (stage 2
type 1 diabetes) with a high risk of pro-
gression to clinical diabetes within the
next 12 months in autoantibody-posi-
tive children.

Previous studies have reported that
CGM can detect early hyperglycemia in
autoantibody-positive children at risk for
progression to type 1 diabetes; however,
these studies were all relatively small
and included <25 participants (18-21).
In the prospective DAISY study, =18%
CGM at TA140 predicts progression to
diabetes in autoantibody-positive chil-
dren (mean age 15.7 years) (21). In the
Type 1 Diabetes Prediction and Preven-
tion Study, which included 10 multiple
islet autoantibody—positive children and
10 age-matched children as autoanti-
body-negative controls (mean age 10
years) (20), the autoantibody—positive
children had higher mean values and
higher variation in glucose levels during
CGM than did the control group (with
TA140 mg/dL of 5.8% in the case chil-
dren compared with 0.4% in the control
group; P = 0.04). In the Belgian Diabetes
Registry, 22 antibody-positive relatives of
patients with type 1 diabetes (mean age

Model Source Cutoff Sensitivity Specificity PPV NPV
HbA, . 5.5 (37 mmol/mol) 43.8 89.3 46.7 88.2
% time > 120 mg/dL (6.7 mmol/L) 37.3 68.8 94.7 73.3 93.4
% time > 140 mg/dL* (7.8 mmol/L) 10 87.5 90.7 66.7 97.1
% time > 140 mg/dL* (7.8 mmol/L) 15 68.8 98.7 91.7 93.7
% time > 160 mg/dL (8.9 mmol/L) 3.5 81.3 90.7 65.0 95.8
% time > 180 mg/dL (10 mmol/L) 1.9 68.8 96.0 78.6 93.5
% time > 200 mg/dL (11.1 mmol/L) 0.3 62.5 94.7 71.4 92.2
SD 20 81.3 81.3 48.2 95.3
cv 16 81.3 65.3 333 94.2
MAGE 37 68.8 90.7 61.1 93.2
MODD 19 75.0 80.0 44.4 93.8

Data reported as percentages unless otherwise indicated. *The cutoff from receiver operator curve for percentage of time =140 mg/dL was
10.5%, which had the same sensitivity, specificity, PPV, and NPV as 10% of time at =140 mg/dL. CV, coefficient of variation; MAGE, mean
amplitude of glycemic excursions; MODD, mean of daily differences; NPV, negative predictive value; PPV, positive predictive value.
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Figure 1—Development of diabetes by various CGM metrics. A: Time spent >140 mg/dL (7.8 mmol/L) with cutoff >10% vs. =10%; B: time spent
>160 mg/dL (8.9 mmol/L) with cutoff >3.5% vs. =3.5%; C: time spent >180 mg/dL (10 mmol/L) with cutoff >1.9 vs. =1.9%; D: SD with cutoff
>20 vs. =20; and E: mean amplitude of glycemic excursions (MAGE) with cutoff >37 vs =37. Survival analysis was performed for the development
of diabetes since baseline CGM. Follow-up time was defined as time between baseline CGM and diabetes onset for those who progressed to clini-
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derived glycemic variability measures
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Figure 2—Dot-plot charts for various CGM metrics between progressors and nonprogressors. A: time spent >140 mg/dL (7.8 mmol/L); B: time
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CGM as a Type 1 Diabetes Prediction Tool

metrics can accurately predict progres-
sion to stage 3 type 1 diabetes within
the next year. Individual CGM metrics
with AUC of =0.88 for diabetes predic-
tion by ROC analyses include TA140,
TA160, TA180, MAGE, and SD. Although
various CGM metrics are excellent pre-
dictors, individual CGM metrics such as
TA140 are graphically available on a
CGM download and can be easily exp-
lained to participants and their families.
Therefore, we propose TA140 >10% as
a new criterion for dysglycemia (stage 2
type 1 diabetes) with a high risk of pro-
gression to clinical diabetes within the
next year in autoantibody-positive chil-
dren. In this study, the risk of progres-
sion to type 1 diabetes in 1 year was
80% in those with TA140 >10% com-
pared with only 5% in participants with
TA140 =10%. Although TA140 >10%
had better sensitivity regarding diabetes
prediction, TA140 >15% had the best
specificity. Because the current follow-
up in this study is short (median 6
months), we propose TA140 >15% as
marker of imminent progression to clini-
cal diabetes (i.e., within the next 6
months). Differences in cutoff values for
CGM TA140 found in previous studies
(18-21) could be due to small numbers
of participants, differences in age of the
participants, as well as a variety of sen-
sors used due to availability of new
technology over time.

Although OGTTs and their associated
measures, including glucose, C-peptide,
and various combined metabolic meas-
ures, risk scores and index (e.g., Diabe-
tes Prevention Trial-Type 1 Risk Score
[DPTRS], DPTRS60, Index60) can accu-
rately predict progression to diabetes in
high-risk participants (28-33), other
measures of risk and progression to dia-
betes are needed because screening
efforts (including the Frlda Study, ASK
Study, PriMeD Study) are underway in
the general population in several coun-
tries (11,34,35). Awareness of risk alone
does not prevent progression to severe
metabolic decompensation at the time
of diagnosis (16). Children found to be
autoantibody positive in general popu-
lation screening will need to be moni-
tored closely for progression to diabetes
and to avoid DKA at diabetes onset.
Current CGM devices, which do not
need any calibration, are well accepted
by children and their parents for moni-
toring diabetes risk and progression.

They offer an accurate and nearly
instantaneous measure of sensor glu-
cose pattern for a participant over a
few days in the real home environment.
In a CGM study combining antibody-
positive children from DAISY, youth with
cystic fibrosis (CF) from the Glycemic
Monitoring in Cystic Fibrosis Study and
overweight or obese youth with BMI
=85th percentile at risk for type 2 diabe-
tes, we reported that HbA;. may be
normal, despite hyperglycemia and
increased glycemic variability, not only in
individuals with CF but also in autoanti-
body-positive individuals at risk for type
1 diabetes (36). In the present study,
HbA;. at baseline was highly specific
(89%) but not sensitive (44%) for type 1
diabetes prediction, which is consistent
with findings of previous studies (16,17).
Measures of glycemic variability mea-
sured by CGM, such as SD, as well as
TA140 are accurate measures of rapid
progression to diabetes and, therefore,
should be included in the ongoing moni-
toring of at-risk participants. In addition,
these CGM metrics could be useful as
potential entry criteria and end points for
prevention trials and should be included
in clinical trials for further evaluation.
There are currently no guidelines for
monitoring participants at increased risk
for type 1 diabetes. Most education and
monitoring of individuals with presymp-
tomatic type 1 diabetes is done through
clinical research studies. Participants mon-
itored in these studies may be diagnosed
early using OGTT; however, only 6% of
children younger than 3 years are diag-
nosed by OGTT (15). Although HbA,. is
easily measured in clinic, OGTTs are time
consuming and unlikely to become part
of routine diabetes monitoring. In our
experience, CGM has been well accepted
by families. We propose that CGM could
be done every 3—12 months, depending
on the stage of type 1 diabetes and the
age of the participant, although the opti-
mal frequency of monitoring still needs to
be further evaluated by examination of
serial measurements. Although parents of
children confirmed to be autoantibody
positive often have increased anxiety
(37,38), those children at risk for type 1
diabetes who previously enrolled in res-
earch monitoring have also been shown
to have improved diabetes-related quality
of life and a lower level of parenting
stress postdiagnosis, compared with chil-
dren diagnosed in the community (39). In
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the ASK study (40), in families enrolled in
monitoring, accuracy of risk perception
was low and parental anxiety after learn-
ing of a child’s positive screening result
decreased rapidly over initial visits. Addi-
tional research and potential tailored
interventions are needed regarding both
accuracy of risk perception and parental
anxiety as part of current, ongoing gen-
eral population screening programs.

Limitations of this study include a rel-
atively short follow-up overall and a
small number of participants completing
both CGM and OGTTs at the same time,
because both of these are optional pro-
cedures in the ASK study. Therefore, we
were not able to directly compare the
prediction accuracy of CGM versus OGTT
measures. In addition, in this study, we
combined data from both the Dexcom
G4, which requires calibrations, and the
Dexcom G6, which does not require any
calibration. As ASK and other studies
(e.g., TrialNet, Precision Individualized
Medicine in Diabetes Study [PrIMeD])
continue to offer CGM and monitor par-
ticipants at risk for developing stage 3
type 1 diabetes, it will be possible to use
CGM data to provide longer-term risk
estimates for the various stages of type 1
diabetes as well as determine intermedi-
ate end points for type 1 diabetes clinical
trials (41). Although the ASK study has
not been collecting information on satis-
faction regarding CGMs, more eligible
participants and their families chose to
complete a CGM (n = 94 participants)
than an OGTT (n = 50 participants).
Finally, the current follow-up duration in
the ASK study is relatively short, and the
accuracy of these CGM metrics will need
to be validated in other populations.

In conclusion, this is the largest pro-
spective study to date analyzing CGM
data from 91 autoantibody-positive chil-
dren from the general population. CGM
has multiple advantages over previous
modalities and should be included in
the ongoing monitoring of high-risk chil-
dren. In particular, TA140 >10% is asso-
ciated with a high risk of progression to
clinical diabetes within the next year in
autoantibody-positive children. More
studies are needed to determine useful
CGM metrics for entry criteria and end
points for clinical prevention trials.

Funding. The ASK Study (3-SRA-2018-564-
M-N) is funded by JDRF International, The

$20z 14dy Gz uo 1senb Aq ypd-z0901ZoP/Z8YZ79/G9</Z/SY/sPd-81onie/e1e0/6.10 s[euinofssiaqelp//:dpy woly papeojumoq



care.diabetesjournals.org

Leona M. and Harry B. Helmsley Charitable
Trust, and Janssen Research and Develop-
ment, LLC.

Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
Author Contributions. AK.S. researched data
and wrote the manuscript. F.D.,, C.G.R, K.B,,
F.S., and LY. researched data and reviewed and
edited the manuscript. B.L.F. and J.B. contrib-
uted to the discussion and reviewed and edited
the manuscript. M.J.R. researched data, contrib-
uted to discussion, and reviewed and edited
the manuscript. A.K.S. takes full responsibility
for the contents of the article.

References

1. Ziegler AG, Rewers M, Simell O, et al.
Seroconversion to multiple islet autoantibodies
and risk of progression to diabetes in children.
JAMA 2013;309:2473—-2479

2. Insel RA, Dunne JL, Atkinson MA, et al.
Staging presymptomatic type 1 diabetes: a
scientific statement of JDRF, the Endocrine Soc-
iety, and the American Diabetes Association.
Diabetes Care 2015;38:1964-1974

3. Sosenko JM, Palmer JP, Greenbaum CJ, et al.;
Diabetes Prevention Trial-Type 1 Study Group.
Increasing the accuracy of oral glucose tolerance
testing and extending its application to individuals
with normal glucose tolerance for the prediction
of type 1 diabetes: the Diabetes Prevention Trial-
Type 1. Diabetes Care 2007;30:38-42

4. Stene LC, Barriga K, Hoffman M, et al. Normal
but increasing hemoglobin Alc levels predict
progression from islet autoimmunity to overt type
1 diabetes: Diabetes Autoimmunity Study in the
Young (DAISY). Pediatr Diabetes 2006;7:247-253

5. Duca LM, Wang B, Rewers M, Rewers A.
Diabetic ketoacidosis at diagnosis of type 1
diabetes predicts poor long-term glycemic
control. Diabetes Care 2017;40:1249-1255

6. Steffes MW, Sibley S, Jackson M, Thomas W.
Beta-cell function and the development of
diabetes-related complications in the diabetes
control and complications trial. Diabetes Care
2003;26:832—-836

7. Herold KC, Bundy BN, Long SA, et al.; Type 1
Diabetes TrialNet Study Group. An anti-CD3
antibody, teplizumab, in relatives at risk for type
1 siabetes. N Engl ) Med 2019;381:603-613

8. Couper JJ, Haller MJ, Greenbaum CJ, et al. ISPAD
Clinical Practice Consensus Guidelines 2018: stages
of type 1 diabetes in children and adolescents.
Pediatr Diabetes 2018;19(Suppl. 27):20-27

9. American Diabetes Association. 2. Classification
and diagnosis of diabetes: Standards of Medical
Care in Diabetes-2021. Diabetes Care 2021;44
(Suppl. 1):515-S33

10. Alonso GT, Coakley A, Pyle L, Manseau K,
Thomas S, Rewers A. Diabetic ketoacidosis at
diagnosis of type 1 diabetes in Colorado children,
2010-2017. Diabetes Care 2020;43:117-121

11. McQueen RB, Geno Rasmussen C, Waugh K,
et al. Cost and cost-effectiveness of large-scale
screening for type 1 diabetes in Colorado.
Diabetes Care 2020;43:1496-1503

12. Sims EK, Bundy BN, Stier K, et al.; Type 1
Diabetes TrialNet Study Group. Teplizumab
improves and stabilizes beta cell function in
antibody-positive high-risk individuals. Sci Transl
Med 2021;13:eabc8980

13. Sosenko JM, Palmer JP, Rafkin-Mervis L,
et al.; Diabetes Prevention Trial-Type 1 Study
Group. Incident dysglycemia and progression to
type 1 diabetes among participants in the
Diabetes Prevention Trial-Type 1. Diabetes Care
2009;32:1603-1607

14. Sosenko JM, Skyler JS, Herold KC; Type 1
Diabetes TrialNet and Diabetes Prevention
Trial-Type 1 Study Groups. The metabolic
progression to type 1 diabetes as indicated by
serial oral glucose tolerance testing in the Diabetes
Prevention Trial-type 1. Diabetes 2012;61:
1331-1337

15. Elding Larsson H, Vehik K, Gesualdo P, et al.;
TEDDY Study Group. Children followed in the
TEDDY study are diagnosed with type 1 diabetes
at an early stage of disease. Pediatr Diabetes
2014;15:118-126

16. Barker JM, Goehrig SH, Barriga K, et al.; DAISY
Study. Clinical characteristics of children diagnosed
with type 1 diabetes through intensive screening
and follow-up. Diabetes Care 2004;27:1399-1404
17. Vehik K, Cuthbertson D, Boulware D, et al.;
TEDDY, TRIGR, Diabetes Prevention Trial-Type 1,
and Type 1 Diabetes TrialNet Natural History
Study Groups. Performance of HbAlc as an early
diagnostic indicator of type 1 diabetes in children
and youth. Diabetes Care 2012;35:1821-1825

18. Steck AK, Dong F, Taki I, Hoffman M,
Klingensmith GJ, Rewers MJ. Early hyperglycemia
detected by continuous glucose monitoring in
children at risk for type 1 diabetes. Diabetes Care
2014;37:2031-2033

19. Van Dalem A, Demeester S, Balti EV, et al.;
Belgian Diabetes Registry. Relationship between
glycaemic variability and hyperglycaemic clamp-
derived functional variables in (impending) type
1 diabetes. Diabetologia 2015;58:2753-2764

20. Helminen O, Pokka T, Tossavainen P, llonen J,
Knip M, Veijola R. Continuous glucose monitoring
and HbAlc in the evaluation of glucose meta-
bolism in children at high risk for type 1 diabetes
mellitus. Diabetes Res Clin Pract 2016;120:89-96
21. Steck AK, Dong F, Taki I, et al. Continuous
glucose monitoring predicts progression to
diabetes in autoantibody positive children. J Clin
Endocrinol Metab 2019;104:3337-3344

22. Yu L, Rewers M, Gianani R, et al. Antiislet
autoantibodies usually develop sequentially
rather than simultaneously. J Clin Endocrinol
Metab 1996;81:4264-4267

23. Bonifacio E, Yu L, Williams AK, et al.
Harmonization of glutamic acid decarboxylase
and islet antigen-2 autoantibody assays for
National Institute of Diabetes and Digestive and
Kidney Diseases consortia. J Clin Endocrinol
Metab 2010;95:3360-3367

24. Miao D, Guyer KM, Dong F, et al. GAD65
autoantibodies detected by electrochemilumine-
scence assay identify high risk for type 1 diabetes.
Diabetes 2013;62:4174-4178

25. Yu L, Miao D, Scrimgeour L, Johnson K,
Rewers M, Eisenbarth GS. Distinguishing per-
sistent insulin autoantibodies with differential
risk: nonradioactive bivalent proinsulin/insulin
autoantibody assay. Diabetes 2012;61:179-186
26. Metz CE. Basic principles of ROC analysis.
Semin Nucl Med 1978;8:283-298

27. Youden WIJ. Index for rating diagnostic tests.
Cancer 1950;3:32-35

28. Xu P, Beam CA, Cuthbertson D, Sosenko JM,
Skyler JS; DPT-1 Study Group. Prognostic acc-

Steck and Associates

uracy of immunologic and metabolic markers for
type 1 diabetes in a high-risk population: receiver
operating characteristic analysis. Diabetes Care
2012;35:1975-1980

29. Steck AK, Dong F, Frohnert BI, et al. Predicting
progression to diabetes in islet autoantibody posi-
tive children. J Autoimmun 2018;90:59-63

30. Sosenko JM, Krischer JP, Palmer JP, et al.;
Diabetes Prevention Trial-Type 1 Study Group. A
risk score for type 1 diabetes derived from
autoantibody-positive participants in the dia-
betes prevention trial-type 1. Diabetes Care
2008;31:528-533

31. Sosenko JM, Skyler JS, Mahon J, et al.; Type
1 Diabetes TrialNet Study Group; Diabetes
Prevention Trial-Type 1 Study Group. The app-
lication of the diabetes prevention trial-type 1
risk score for identifying a preclinical state of type
1 diabetes. Diabetes Care 2012;35:1552-1555
32. Simmons KM, Sosenko JM, Warnock M,
et al. One-hour oral glucose tolerance tests for
the prediction and diagnostic surveillance of type
1 diabetes. J Clin Endocrinol Metab 2020;105:
dgaa592

33. Nathan BM, Boulware D, Geyer S, et al.; Type 1
Diabetes TrialNet, Diabetes Prevention Trial-Type 1
Study Groups. Dysglycemia and Index60 as
prediagnostic end points for type 1 diabetes
prevention trials. Diabetes Care 2017;40:1494-1499
34. Raab J, Haupt F, Scholz M, et al.; Frlda Study
Group. Capillary blood islet autoantibody scre-
ening for identifying pre-type 1 diabetes in the
general population: design and initial results of
the Frlda study. BMJ Open 2016;6:€011144

35. Ziegler AG, Kick K, Bonifacio E, et al.; Frlda
Study Group. Yield of a public health screening of
children for islet autoantibodies in Bavaria,
Germany. JAMA 2020;323:339-351

36. Chan CL, Steck AK, Severn C, Pyle L, Rewers
M, Zeitler PS. Lessons from continuous glucose
monitoring in youth with pre-type 1 diabetes,
obesity, and cystic fibrosis. Diabetes Care 2020;
43:e35-e37

37. Johnson SB, Lynch KF, Roth R, Schatz D;
TEDDY Study Group. My child is islet auto-
antibody positive: impact on parental anxiety.
Diabetes Care 2017;40:1167-1172

38. Melin J, Maziarz M, Andrén Aronsson C,
Lundgren M, Elding Larsson H. Parental anxiety
after Syears of participation in a longitudinal
study of children at high risk of type 1 diabetes.
Pediatr Diabetes 2020;21:878-889

39. Smith LB, Liu X, Johnson SB, et al;
TEDDY study group. Family adjustment to
diabetes diagnosis in children: can par-
ticipation in a study on type 1 diabetes
genetic risk be helpful? Pediatr Diabetes
2018;19:1025-1033

40. Geno Rasmussen C, Baxter J, Dong F,
Bautista KA, Sepulveda F, Felipe-Morales D,
Rewers M. 539-P: Parental anxiety and
accuracy of risk perception upon receipt of
positive results of screening for presym-
ptomatic type 1 diabetes: Autoimmunity
Screening for Kids (ASK). Diabetes 2021 Jun;
70 (Supplement 1)

41. Type 1 Diabetes TrialNet Study Group. The
use of intermediate endpoints in the design of
type 1 diabetes prevention trials. Diabetologia
2013;56:1919-1924

$20z 14dy Gz uo 1senb Aq ypd-z0901ZoP/Z8YZ79/G9</Z/SY/sPd-81onie/e1e0/6.10 s[euinofssiaqelp//:dpy woly papeojumoq



